
Abstract The investigation of plant cytochrome P450
genes and enzymes is a field of growing interest. Appar-
ently, an even greater diversity of cytochrome P450
genes exists in plants in comparison to other eukaryotes.
This may be due to their role in the biosynthesis of 
secondary metabolites that are present in plants in an
enormous variety. Most cloning approaches are ham-
pered by the large sequence diversity of plant cyto-
chrome P450 genes. We present a method to clone diver-
gent cytochrome P450 ESTs by a nested RT-PCR-strate-
gy. These ESTs were used for the subsequent cloning of
the corresponding full-size cDNAs of divergent families
via cDNA-library screening. Sixteen cytochrome P450
genes belonging to different cytochrome P450-families
have been identified in this way, proving the efficacy of
the strategy.
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Introduction

Cytochrome P450 enzymes are membrane-bound, heme-
iron containing enzymes and mono-oxygenases in most
cases, that use NADPH+H+ as a co-substrate by forming
a complex with a cytochrome P450 reductase. The most-
common reactions catalyzed in plants are hydroxylat-
ions, but with other reactions like epoxidations (Schuler

1996), oxidative dealkylation (Frear 1995) or phenol-
coupling (Stadler and Zenk 1993). The first plant cyto-
chrome P450 that was cloned was a Cyp 71A1 from Per-
sea americana (Bozak et al. 1990). This was followed by
investigations concerning the role of cytochrome P450
enzymes in many biochemical processes, such as flavo-
noid biosynthesis (Holton et al. 1993), cyanogenic glu-
cosides (Koch et al. 1995; Bak et al. 1998; Kahn et al.
1999), synthesis of alkaloids (e.g. De-Eknamkul et al.
1992; Kammerer et al. 1994; Nasreen et al. 1996), ter-
penoids (Hallahan and West 1995; Lupien et al. 1995),
de-methylation of steroids (Cabello-Hurtado et al. 1997),
hydroxylation of brassinosteroids (Choe et al. 1998),
DIMBOA-biosynthesis (Frey et al. 1997) and fatty acid
hydroxylation (Cabello-Hurtado et al. 1998; Benveniste
et al. 1998).

It is evident that, especially in plants, an enormous di-
versity of cytochrome P450 genes has evolved (reviewed
in Bolwell et al. 1994; Durst and Nelson 1995; Nelson 
et al. 1996; Schuler 1996; Nelson 1999). This is obvi-
ously due to the chemical diversity of secondary metabo-
lites, reflected by the diversity of cytochrome P450
genes that take part in their biosynthesis. For Arabidop-
sis thaliana, a plant not especially rich in secondary me-
tabolites, 273 cytochrome P450 genes that are grouped
in 45 families are currently known (Nelson-Lab-Home-
page: http://drnelson.utmem.edu/CytochromeP450.html,
Febr. 2001). Most of them were identified by the 
Arabidopsis genome sequencing project (The Arabidop-
sis Genome Initiative 2000, further references given
therein).

Here we describe an approach for cloning divergently
expressed cytochrome P450 genes. This leads to a col-
lection of cytochrome P450 genes from a plant with in-
teresting enzymatic activities. These heterologously ex-
pressed enzymes may then be used for studies on sub-
strate specificities. Thus, potentially interesting products
or reaction specificities may be identified. 

Valuable sources of genes are plants with cytochrome
P450-mediated herbicide resistances or plants with many
secondary metabolites. Lolium rigidum is a grass that has
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developed numerous herbicide resistances in a few years
after the first applications. In the line SLR31 it was
shown that these cross-resistances to different classes of
herbicides are not due to target enzyme changes but to a
cytochrome P450-mediated de-toxification (Heap and
Knight 1982, 1986, 1990, Holtum et al. 1991; Cotterman
et al. 1990; Cotterman and Saari 1992; Powles et al.
1990; Powles and Matthews 1992; Christopher et al.
1991, 1992, 1994; O’Keefe et al. 1991; Zimmerlin and
Durst 1992; Burnet et al. 1993 a, b; Hall et al. 1994). As
an alternative species Ocimum basilicum was chosen for
its content of terpenoids (Hegnauer 1966).

Materials and methods

Plant material

Seeds of L. rigidum SLR 31 were kindly provided by S.B. Powles
(University of Adelaide, Austalia). The O. basilicum cultivar 
Genoveser was provided by H. Jaksch (Institut für Gemüsebau,
Weihenstephan, Germany).

mRNA-preparations

For the RNA-preparation from L. rigidum SLR 31 all green parts
of non-flowering plants with 3–4 leaves were used. From O. ba-
silicum cv Genoveser non-flowering apical shoot parts were har-
vested. The plant material was frozen in liquid nitrogen immedi-
ately after harvesting. The mRNA was prepared by using
poly(dT)-coated magnetic particles for the specific extraction of
mRNA (Dynal, mRNA-Direct-Kit # 610.11). The mRNA was
treated with RNAse-free DNAse (Boehringer) which was heat-
inactivated afterwards and removed by phenolisation.

Cytochrome P450 ESTs

For the cDNA-synthesis DNA-free RNA was used. The reaction
was performed with Superscript Reverse Transcriptase (Gibco
BRL) and primed with anchored oligo (dT)-primers. The first 
RT-PCR was performed with a set of primers directed against 
the conserved EEF(R)PER-motif in combination with a poly-A-
anchored primer. The primers are similiar to the ones published
by Frank et al. (1996) except that the five bases at the very 
3′-end were maintained non-degenerated by using a set of four
primers: 

EEF(R)PER-1: 
GCGGATCCGA(G/A)GA(G/A)TT(C/T)(A/C)G(G/A/C/T)
CC(G/A/C/T)GAGAG,

EEF(R)PER-2: 
GCGGATCCGA(G/A)GA(G/A)TT(C/T)(A/C)G(G/A/C/T)
CC(G/A/C/T)GAGCG,

EEF(R)PER-3:
GCGGATCCGA(G/A)GA(G/A)TT(C/T)(A/C)G(G/A/C/T)
CC(G/A/C/T)GAAAG,

EEF(R)PER-4:
GCGGATCCGA(G/A)GA(G/A)TT(C/T)(A/C)G(G/A/C/T)
CC(G/A/C/T)GAACG,
EcoT17V: CGGAATTCT17(G/A/T).

Each of the four EEF(R)PER-primers was used in combination
with the poly-A-anchored primer EcoT17V for the first RT-PCR
under the following conditions: 0.4 ng of cDNA, 0.2 mM of
dNTPs, 2.5 µM of single EEF(R)PER-Primer, 0.25 µM of

EcoT17V-Primer, 1 U of Taq-Polymerase (Boehringer) in 50 mM
KCl, 2.5 mM MgCl2, 10 mM Tris/HCl pH 8.0 with a volume of 
40 µl. Cycling conditions were: 30 times for 2 min at 94°C, 2 min
at 50°C, 2 at min 72°C; and 5 min at 72°C. These PCR-products
were diluted by a factor of 103 and used as a template for the 
second, nested RT-PCR. For this PCR a set of eight non-degener-
ated primers directed against the PFG-motif (Schopfer and Ebel
1998) as part of the heme-binding-site were used in combination
with the poly-A-anchored primers GT11(G/A/C)G, GT11(G/A/C)A,
GT11(G/A/C)C, PFG1 (CGCCATTTGG), PFG2 (CGCCATTC-
GG), PFG3 (CGCCCTTTGG), PFG4 (CGCCCTTCGG), PFG5
(CGCCGTTTGG), PFG6 (CGCCGTTCGG), PFG7 (CGCCTTTT-
GG), and PFG8 (CGCCTTTCGG). This nested RT-PCR was per-
formed using the following conditions: 5 µl of EEF(R)PER-RT-
PCR-product 1:103 diluted, 0.2 mM dNTPs, 0.5 µM single PFG-
Primer, 2.5 µM of single anchored-Primer, 1 U of Taq-Polymerase
(Boehringer) in 50 mM KCl, 2 mM MgCl2, 3% DMSO, 10 mM
Tris/HCL pH 8.4 with a volume of 40 µl. Cycling conditions were:
Hotstart, 40 times for 30 s at 94°C, 2 min at 40°C, 30 s at 72°C;
and 5 min at 72°C. The PCR-products were cloned in pUC57/T
using the T-cloning-kit (Fermentas, # K1212).

cDNA-library

The mRNA prepared by the magnetic extraction kit was used 
as starting material. The cDNA-library was established using the
λ-ZAP-system (Stratagene, cDNA-Synthesis-Kit # 200401, Giga-
pack III-Gold-Kit # 200203, Uni-ZAP XR-Vector-Kit # 237211) 
(Short et al. 1988).

Screening and subcloning

The library screening of the λ-ZAP-cDNA-Library was done 
using the standard molecular techniques described in Sambrook 
et al. (1989). The subcloning of the positive λ-phages was per-
formed by the ZAP-protocol as supplied by the manufacturer 
Stratagene (Short et al. 1988).

Sequencing

For sequencing, fluorescence-labelled ddNTPs were used. The 
reaction was performed with the DYEnamic ET terminator cycle
sequencing premix kit (Amersham Pharmacia Biotech Inc., 
# USB1050). The gels were run on a Abi Prism 377 DNA 
Sequencer.

Prediction of secondary protein structures

The prediction of secondary protein structures was performed by
using the Predict Protein Server (http://www.embl-heidelberg.de/
predictprotein/predictprotein.html#PP1SEC).

Results

Cytochrome P450 ESTs

The cloning of cytochrome P450 sequences is hampered
by their large sequence diversity. Members of different
families show conservation of only a few amino acids
and even less motifs are conserved for all families. A
first attempt to clone cytochrome P450 ESTs relied on
the conserved-sequence motif PFG in the heme-binding
region (Schopfer and Ebel 1998). Individual bands from
a RT-PCR with the PFG-primers and poly-A-anchored
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primers were cloned. This procedure turned out to be 
inefficient since only 1 of 28 cloned PCR-bands was a
cytochrome P450 sequence, as confirmed by the pres-
ence of further conserved amino acids of the heme-bind-
ing region and the homologies identified by the BLAST-
algorithm (Altschul et al. 1990). Many of the non-P450
sequences showed BLAST-homologues with the PFG,

or related, motifs. To achieve a more-specific amplifica-
tion a combination of nested RT-PCRs was tested. The
conserved motif EEF(R)PER, about 60 amino-acid resi-
dues N-terminal of the PFG-motif, was used; the prim-
ers are similiar to those employed by Frank et al.
(1996). This first RT-PCR resulted in uniformly size-
distributed DNA (with faint bands) of up to about 1 kbp.

Fig. 1 Amino-acid sequences
of the cytochrome P450-ESTs
from L. rigidum and O. basili-
cum, positions variable for the
different clones of each EST-
group are underlined, # indi-
cates a stop-codon. The homo-
logues identified by the
BLAST-algorithm of these
ESTs are cytochrome P450 
sequences from different 
Cyp-families and various plants
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Table 1 Closest homologues
for the ESTs from L. rigidum
identified by the BLAST-algo-
rithm. The homologies are 
given in percent identity/simi-
larity. The efficiency of the
cloning process and the diver-
sity of sequences identified
shows that this nested RT-PCR
approach is suitable for general
cloning of cytochrome P450
ESTs

Cytochrome P450-EST Homologous gene from Cyp-family and homology

Lol-4/6-G15, Lol-2/6-G-1 Zea mays Cyp 71 C 64/79
Lol-2/2-C-21 Zea mays Cyp 71 C 61/81
Lol-3/8-G-59 Zea mays Cyp 71 C 66/77
Lol-3/8-G-29 Glycine max Cyp 71D 60/68
Lol-1/6-C-34, Lol-2/6-G-4 Lotus japonicus Cyp 71D 55/75
Lol-1/1-G-20 Lotus japonicus Cyp 71D 59/74
Lol-3/8-G-67 Lotus japonicus Cyp 71D 60/74
Lol-4/7-G-20 Glycine max Cyp 71D 61/75
Lol-1/8-C-141, Lol-2/8-G-9 Glycine max Cyp 71D 54/69
Lol-4/5-G-31 Catharanthus roseus Cyp 72 42/63
Lol-1/1-G-41 Catharanthus roseus Cyp 72 60/78
Lol-4/5-G-46 Arabidopsis thaliana Cyp 76 C 73/88
Lol-1/6-C-27 Helianthus tuberosus Cyp 81B 53/63
Lol-3/8-G-148 Arabidopsis thaliana Cyp 89 A 61/76
Lol-2/5-C-3 Sorghum bicolor Cyp 99 A 57/72
Lol-4/6-G-5 Sorghum bicolor Cyp 99 A 65/86
Lol-1/6-C-22 None ? −

Table 2 Closest homologues
for the ESTs from L. rigidum
identified by the BLAST-algo-
rithm. The homologies are 
given in percent identity/simi-
larity

Cytochrome P450-EST Homologous gene from Cyp-family and homology

Oci-42-1 Catharanthus roseus Cyp 72 66/81
Oci-2/6-V-5 Arabidopsis thaliana Cyp 73 77/86
Oci-1/2-V-15 Arabidopsis thaliana Cyp 76 C 57/76
Oci-1/1-V-9 Arabidopsis thaliana Cyp 98 A 62/79
Oci-2/5-V-30 Glycine max Cyp 98 A 75/86

This DNA was diluted 1:103 and used as a template for
the nested PFG-PCR resulting in several discrete frag-
ments also up to about 1 kbp. In most cases different
fragments were obtained for different combinations of
EEF(R)PER- and PFG-primers. These nested PCR-
products were cloned and sequenced. The ESTs clones
from Lolium and Ocimum were predominantly cyto-
chrome P450 sequences, only very few clones were
non-P450 sequences. The cytochrome P450 ESTs could
be grouped by amino-acid sequence homology (Fig. 1,
Table 1, 2); most of these EST-groups are represented
by several different clones. For each EST-group only
few amino acids were variable for the different EST-
clones. Otherwise they differed mainly in the length and
sequence of the 3′-untranslated region.

Cytochrome P450 genes

The EST-sequences of the families Cyp 81B (Lol-1/6-
C-27), Cyp 71 C (Lol-4/6-G15), Cyp 72 (Lol-4/5-G-31,
Lol-1/1-G-41), Cyp 71D (Lol-4/7-G-20), Cyp 89 A 
(Lol-3/8-G-148) and Cyp 99 A (Lol-2/5-C-3, Lol-4/6-
G-5) cloned from L. rigidum SLR 31 were used 
to screen the corresponding cDNA-library. Positive 
λ-ZAP-clones were subcloned and sequenced. Using
this technique 16 cytochrome P450-genes have been
identified (Table 3).

The genes show sizes of 506 to 521 amino-acid resi-
dues which is within the average range for plant cyto-
chrome P450 genes. Using the BLAST-algorithm all the
closest homologs identified were plant cytochrome

P450 genes. In most cases the Lolium-genes belong to
the same Cyp-families as the Lolium-ESTs that were
used for the corresponding cDNA-screens. For some of
the homologs the in vivo function has already been de-
fined. Three similar genes from Lolium (Fhh-t, Fhh-v,
Fhh-y) show a close BLAST-homology to a fatty 
acid hydroxylase described from Helianthus tuberosus
(Cabello-Hurtado et al. 1998) [44/63% (identity, simi-
larity) for Fhh-t] and belong to the Cyp 81 family. An-
other one, Bxh, is a homolog of the maize Bx2-gene
[48/65% (identity, similarity)] which takes part in the
DIMBOA-pathway as an indole-hydroxylase (Frey et al.
1997), and is a Cyp 71 family member. Lol-20-d, Lol-
20-f and Lol-3-k belong to the Cyp71 family too; Lol-
20-d and Lol-20-f are very close homologs with 99/99%
identity/similarity. From the Cyp 72-family two groups
of genes were identified, Lol-31-b and Lol-31j, which
group together, with Lol-22, Lol-62, Lol-78, Lol-79 and
Lol-83 as a second group. Single members of the Cyp
89 family (Lol-2) and Cyp 99 family (Lol-5-v) were also
identified.

Theoretical predictions about the secondary protein
structure of the genes were performed with the Predict
Protein algorithm (see Materials and methods). The
genes of the different Cyp-families showed a remarkable
conservation of major secondary structure elements (data
not shown).
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Discussion

Cloning of cytochrome P450-genes

There is a growing interest in the investigation and appli-
cation of plant cytochrome P450 genes. They play an 
important role in the biosynthesis of many secondary
metabolites of plants. These secondary metabolites may
be important as repellents or insecticides in crop plants
(e.g. DIMBOA and cyanogenic glucosides) which con-
versely may be deleterious to human consumption. Other
secondary metabolites synthesized by cytochrome P450
enzymes are of pharmaceutical importance (e.g. alka-
loids). Cytochrome P450 genes are also important for the
de-toxification of herbicides. Genes with such functions
may lead to valuable transgenic yeasts and plants. Many
different methods have been applied to clone cytochrome
P450-genes of known function: differential display (e.g.
Schopfer and Ebel 1998), tagging (Frey et al. 1997), pro-
tein purification (e.g. Koch et al. 1995), cloning via

ESTs of predominantly expressed candidate genes and
subsequent testing of the heterologously expressed 
genes with substrates (Holton et al. 1993). The recently
finished sequencing of the Arabidopsis genome (The 
Arabidopsis Genome Initiative 2000) resulted in 273 
cytochrome P450 genes. For only a few of them has an
enzymatic function been identified (Nelson-Lab-Home-
page: http://drnelson.utmem.edu/CytochromeP450.html).
These sequences could be used for cloning approaches,
either as heterologous probes for library screening or for
the design of degenerated primers for PCR-amplifica-
tion. However, both approaches would probably be re-
stricted to the isolation of genes belonging to the same,
or closely related, Cyp-families.

Generally, cloning approaches based on homology are
hampered by the large sequence diversity of plant cyto-
chrome P450 sequences and are thus restricted to close
homologs. The cloning of divergent sequences is a strat-
egy that could deliver candidate sequences for genes
with known functions. It could also form the basis of an

Table 3 Cytochrome-P450-
genes identified from Lolium
rigidum SLR 31

Lolium rigidum gene, Length of cDNA, Lol-homologies Homologous genes (BLAST)
Accession number

Bxh Complete cDNA, 507 aa Cyp71C4, Zea mays
AF321858 Bx-2, Indole hydroxylase
Lol-20-d Complete cDNA, 510 aa Cyp71D6, Solanum chacoense
AF321859 Cyp71D10, Glycine max
Lol-20-f Complete cDNA, 507 aa,  Cyp71D6, Solanum chacoense
AF321860 3 aa-deletion and 3 aa-substitution Cyp71D10, Glycine max

to Lol-20-d
Lol-3-k Complete cDNA, 506 aa Cyp 71D7, Solanum chacoense
AF321863
Lol-31-b Complete cDNA, 521 aa Cyp72, Arabidopsis thaliana,
AF321861 Catharanthus roseus

probable Geraniol-10-hydroxylase
Lol-31-j Complete cDNA, 520 aa,  Cyp72, Arabidopsis thaliana,
AF321862 1 aa-deletion and 82 aa-substitutions Catharanthus roseus

to Lol-31-b probable Geraniol-10-hydroxylase
Lol-22 Complete cDNA, 518 aa Cyp 72A1 Catharanthus roseus
AF321866 probable Geraniol-10-hydroxylase
Lol-62 Complete cDNA, 518 aa,  Cyp 72A1 Catharanthus roseus
AF321867 74 aa-substitutions to Lol-22
Lol-78 Complete cDNA, 518 aa,  Cyp 72A1 Catharanthus roseus
AF321868 74 aa-substitutions to Lol-22, 

5 aa-substitutions to Lol-62
Lol-79 Complete cDNA, 518 aa, - Cyp 72A1 Catharanthus roseus
AF321869 5 aasubstitutions to Lol-22
Lol-83 Complete cDNA, 518 aa,- Cyp 72A1 Catharanthus roseus
AF321870 5 aasubstitutions to Lol-22, -

2 aasubstitutions to Lol-79
Fhh-t Complete cDNA, 517 aa Cyp 81B1, Helianthus tuberosus
AF321856 Fatty acid hydroxylase
Fhh-v Complete cDNA, 517 aa, Cyp 81B1, Helianthus tuberosus
AF321855 9 aa-substitutions to Fhh-t Fatty acid hydroxylase
Fhh-y Complete cDNA, 517 aa, Cyp 81B1, Helianthus tuberosus
AF321857 7 aa-substitution to Fhh-t Fatty acid hydroxylase
Lol-2 5′-Incomplete cDNA, 499 aa Cyp 89, Arabidopsis thaliana
AF321865
Lol-5-v Complete cDNA, 510 aa Cyp 99A1, Sorghum bicolor
AF321864



approach where these heterologously expressed genes
are used to screen potential substrates in order to identify
reactions of interest. Such a cloning approach has to rely
on the few conserved amino-acid motifs. For this reason
the previously described method was developed to ob-
tain cytochrome P450-ESTs. 

In a first approach the PFG-primers were used for a
RT-PCR together with a poly-A-tail-anchored primer.
From 28 PCR-bands cloned only one turned out to 
represent a cytochrome P450-sequence. Some others 
had BLAST-homologues which showed PFG, or related,
motifs. This indicates that the PFG-primers are too un-
specific to exclusively amplify cytochrome P450 
sequences. When additional criteria like differential 
expression are available this RT-PCR is very useful
(Schopfer and Ebel 1998). A better specifity was
achieved by the combined use of the PFG- and the more
N-terminal EEF(R)PER motifs for primer-design, to-
gether with poly-A-tail-anchored primers. This nested-
RT-PCR results in ESTs-clones that are almost exclu-
sively cytochrome P450-sequences. Thus the specifities
of the two primers can be combined to avoid amplifica-
tion of non-cytochrome P450-sequences. The ESTs
cloned from both L. rigidum and O. basilicum turned out
to be cytochrome P450-sequences from different fami-
lies and subfamilies.

Screening of a cDNA-library of L. rigidum resulted
in genes that are members of the same family of cyto-
chrome P450 sequences as the corresponding EST-clone
in most cases. In one case screening with a hybridisa-
tion probe of the family Cyp 99 (Lol-2/5-C-3) resulted
in the isolation of a Cyp 71D gene (Lol-3-k). The genes
identified with an EST may be very close homologs
(e.g. Lol-20-d, Lol-20-f and Lol-22, Lol-79, Lol-83).
Very closely homologous genes could be alleles since a
single population was used as starting material. This
population had been inbred for some generations but is
not strictly isogenic. However, they could alternatively
represent a family of orthologous genes with diverse
functions. The multiple herbicide resistences of Lolium
rigidum SLR31 may have occurred by the selection of
single members of a group of closely related cyto-
chrome P450 genes. For A. thaliana a diversity of 273
cytochrome P450 genes was found (Nelson-Lab-Home-
page). The method to produce cytochrome P450 ESTs
by a nested RT-PCR-strategy relies on the presence of
the conserved motifs EEF(R)PER and PFG. These se-
quences, or very related ones, are part of at least half of
all plant cytochrome P450-sequences already known
(Nelson-Lab-Homepage). Therefore the approach de-
scribed is an efficient way of cloning divergent cyto-
chrome P450 sequences.

Perspectives

Compared to the number of cytochrome P450 se-
quences already known, and even more to the diversity
of genes that can be expected, only few in vivo func-

tions have yet been identified; many cloned plant cyto-
chrome P450 genes are without any known function.
These sequences are from the Arabidopsis genome se-
quencing or side-products of cytochrome P450 re-
search. Using methods directed for the cloning of di-
vergent sequences many genes may be isolated from
plants with promising properties and without the avail-
ability of genomic sequence information. The de-toxifi-
cation of xenobiotics, like herbicides, shows that plant
cytochrome P450 enzymes may possess a broader sub-
strate specifity and can catalyze additional reactions
with artificial substrates. Many useful in vivo and in
vitro reactions can be expected.

The heterologous expression in the well-established
yeast-system co-expressing cytochrome P450 reductases
allows one to perform the enzymatic reactions in vitro.
Siminszky et al. (1999) have used the system to test 
heterologously expressed soybean cytochrome P450 en-
zymes on herbicides. A Cyp71A10 enzyme was shown
to hydroxylate phenylurea herbicides. By cloning of 
a broad spectrum of enzymes, expression libraries can 
be established. Such collections of heterologously ex-
pressed human cytochrome P450 genes have been used
to study pharmacological and toxicological problems
(Sengstad and Paladino 1997). Other types of genes have
also been studied by such expression libraries (Martzen
et al. 1999).

For the cytochrome P450 expression libraries it
would be of great advantage to make use of the large
collections of chemical substances available in the phar-
maceutical industry. Automated methods could be used
to screen for positive enzymatic tests on these substance
libraries. In this way artificial substrates could be identi-
fied and potentially valuable reactions be defined. This
could lead to an application of the heterologously ex-
pressed cytochrome P450 enzyme.
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